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SUMMARY 


An investigation has been made of a fin-stabilized 0.050-scale 
model of the NACA RM-10 missile at a Mach number of 1.62 and a Reynolds 

number of 2.66 X 10^. Measurements were made of the lift, drag, and 
pitching moment of the finned body over an angle-of -attack range of ±5°. 
Comparisons are made with results obtained from other test facilities. 

The results show that changing the Reynolds number from 2.66 x 10^ 

(the value used in the present investigation) to 29.2 x 10^ (the value 
reported in NACA RM E50D28) has negligible effect upon the lift, pitching 
moment, and center-of -pressure position. The values of the various drag 
components of this investigation are in good agreement with those pre- 
sented in NACA RM E50D28 and MCA RM L52A14 when proper consideration is 
given to the differences of Reynolds number. Increasing the ratio of 
sting-shield diameter to base diameter decreased the lift-curve slope, 
gave a less negative pitching-moment-curve slope, and decreased the 
fore drag at zero lift. 

INTRODUCTION 


As a part of a coordinated research program to evaluate scale 
effects at supersonic speeds, tests are being conducted at various 
NACA flight and wind-tunnel facilities on a slender parabolic body of 
revolution (with and without fins), designated as the MCA RM-10 missile. 
Results thus far obtained cover .a wide range of model scale and Reynolds 
number within a Mach nuniber range from approximately 1.5 to 3*5 (refs. 1 
to 11). In general, correlation has been confined to the drag coeffi- , 
cient at zero lift. 
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The purpose of the tests reported in the present paper was to extend 
the investigation in the Langley 9“tach supersonic tunnel of the zero- 
lift drag components of the NACA EM -10 body alone (ref. 11) to include 
the effects of the fins on a O.O 5 O- scale model, and to determine the lift, 
drag, and pitching moment of the finned body over an angle-of -attack 
range of ±5°. The effects upon the aerodynamic characteristics of 
varying the ratio of sting- shield diameter to base diameter were also 
investigated. The tests were conducted' at a Mach number of 1.62 and a 
Eeynolds nmber of 2.66 x 10^. 


SYMBOLS 


A 

a 

Cl 

Cd 


maximm cross-section area of body 

wetted area of body forward of fin-body junct\are 

wetted area of body alone (surface area forward of base) 

angle of attack of model 

lift coefficient, Lift/qA 

drag coefficient, Drag/qA 




pitching-moment coefficient about the 
diameter. Moment /qAL 

II 

0 

da 

at 

0 

1 ! 

0 

Cma “ 

da 

at 

0 

II 

0 

<ib 


base 

diameter 


*^max 

ds 

L 

I 

M 


maximum body diameter 
sting-shield diameter at model base 
length pf body 

distance from model nose to fin-body junctxire 
Mach number 

dynamic pressure, pV^/S 


<1 
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p stream density 

radius of body at an axial location 

Reynolds nimiber, pVL/p 

Reynolds manber based on distance I to fin-body jmcture, 
pVZ/p 

free -stream velocity 
axial distance from model nose 
7 ratio of specific heats of air 

6 cone angle of sting shield 

|i coefficient of viscosity 

Drag-coefficient subscripts: 

B base drag 

F . fore drag (Total drag - Base drag) 

f skin-friction drag 

T total drag 

W drag of four fins 

w drag increment per fin 

APPARATUS AND TESTS 
Tunnel 

The Langley 9-inch supersonic tunnel is a continuous-operation, 
closed-circuit type in which the pressure, temperature, and humidity of 
the enclosed air can be regulated. Different' test Mach numbers are 
provided by interchangeable nozzle blocks w;hich form test sections 
approximately 9 inches square. Eleven fine-mesh turbulence -damping 
screens are installed in the relatively large-area settling chamber 
ahead of the supersonic nozzle. Measurements of the longitudinal 
(stream direction) component of turbulence along the, center line in the 
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entrance cone of the tunnel have indicated a root -mean- square value of 
approximately 0.l4 percent (ref. ll). A schlieren optical system is 
provided for qualitative flow observations. 


. Model 

A drawing of the O.O5O- scale NACA RM-10 model, giving the pertinent 
dimensions, is shown in figure 1. The body has a parabolic-arc profile 
with a basic fineness ratio of I 5 . To facilitate rocket-motor instal- 
lation in the free-f light missile, the rearward portion of the basic 
profile was removed, thus giving an actual fineness ratio of 12.2. Four 
stabilizing fins are attached 90° apart at the rear of the body. These 
fins have a 60 ° sweptback leading edge, a taper ratio of 1.0, and a 
10-percent-thick circular -arc section normal to the leading edge. 


Balance 

The lift, drag, and pitching moment of the missile were measured 
by means of the tunnel's external self-balancing beam scales. The 
model was sting-mounted to the balance system and a sting shield extended 
up to the base of the model with a gap of approximately 0.004 inch. 

This sting shield was sealed to the balance housing by means of a rubber 
boot. For a more detailed description of the shield in relation to the 
body, see reference 12. 


Tests, General 

Tests were conducted at a Mach number of 1.62 and a Reynolds num- 
ber of 2.66 X 10^ based on the body length. Measiirements were made of 
lift, drag, and pitching moment about the station of maximum body diam- 
eter for an angle -of -at tack range of ±5°. Base-press\xre measurements 
were obtained by the use of orifices located at the model base and in 
the balance housing. The values of base pressure at a = 0° in this 
investigation are representative of free-flight base pressures (no sting) 
only \dien the effects due to the ratio of sting-shield diameter to base 
diameter are negligible. Because of the method of moimting the model 
and the unsymmetrlcal flow conditions at angles of attack not equal to 
QO, the meas\ired base pressvire was not representative of flight base 
pressures. Therefore, the base pressures at a ^ 0° were used only to 
obtain tare forces for evaluating missile fore drag (Total drag - Base 
drag) . 

The effect Of support interference on the aerodynamic characteristics 
of the missile was Investigated by means of three sting shields of varying 
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diameters. The.^ geometric parameters are given in figure 1. The tests 
involving the •* j larger shields were made at various angles of attack, 
whereas the tf with the smallest shield were made only at an angle of 
attack of 0° ,'cause of the structxiral limitation of the model sting. 

The angle of attack was indicated by an optical system in conjunction 
with a small mirror momted flush near the base of the body. The fins 
of the missile were inclined 45° to the plane of emgle of attack. 

Throughout the tests, the dew point was maintained below -20° F, 
where condensation effects are negligible. 


CORRECTIONS AND ACCURACY 


The accuracy of the free-stream Mach nximber is iO.Ol and represents 
a maximum variation about a mean Mach number throughout the test section. 
Corrections have been applied to the drag of the model at an angle of 
attack of 0° to accovint for the static-pressure variation along the tun- 
nel center line. The same corrections were applied to the model at 
angles of attack. It is realized that the applications at a 0° are 
not strictly correct; however, the actual displacement of the model 
(from the tunnel center line) in traversing throu^ its range of angles 
is small. 

At a / 0°, the pressiire at the model base was held approximately 
at free-stream static pressure by adjusting the pressure in the balance 
housing and, therefore, in the sting shield. The maximm deviation 
from this free-stream static pressure gave an error of ±0.0005 in Cpp. 

This inaccuracy is a part of the total uncertainty. At a = 0°, a 
representative base pressure was obtained by varying the pressure in 
the balance housing so as to obtain a value of base pressure that corre- 
sponds to a condition of essentially no air flow throtigh the sting 
shield. 

The estimated acc\xracies of other test variables and the vario\is 
coefficients are given below: 

Reynolds nianber. ±0.05 X 10^ 

Inxtial angle of attack. ±0.04° 

Relative angle of attack .... ±0.01° 

Lift coefficient . , ±0.0028 

Pitching-moment coefficient. . . .... . . ^ . . ±0.0022 

Fore drag coefficient. .. . . . . . . ±0.0050 

Base drag coefficient. ... . . ... . . . . . . . . . . ±0.0010 

Total drag coefficient ................... ±0.0055 
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PRESENTATION AND DISCUSSION OF RESULTS 
Variations Due to Angle of Attack 


Lift, drag, and pitching moment .- The results of the measurements 
of the lift^ fore drag^ and pitching -moment coefficients^ at angles of 
attack^ of the. fin-stahilized NACA RM-10 missile with two different 
sting shields are given in figures 2 and 3- The difference between the 
results for the two sting shields is the greater nonlinearity in the 
lift and pitching -moment coefficient curves at ±2^ angle of attack for 

the configuration tested with the larger sting shield I— = 0.99K The 

V^b / 

larger sting shield also gives a slightly less positive lift-curve slope 
at zero lift and a slightly less negative pitching-moment-curve slope. 
Also, the absolute value of the fore drag at any angle of attack is less 
for the larger sting shield. All of these differences may be attributed 
to the presence of the larger sting shield which creates higher pres- 
sures in the separated region over the lee side of the afterbody. 

Center of pressure .- The variation of center-of -pressure position 
with angle of attack is shown in figiire 4. The position is seen to be 
essentially constant for the higher angles of attack and is located at 
.10.4 body diameters behind the nose of the missile. These results are 
in good agreement with the data obtained from tests of a 0.050-scale 
model at the Lewis 8- by 6-foot supersonic tunnel (ref. 2) at a Reynolds 

number of 29.2 x 10^, also shown in the figure. The location of the 
center of pressure obtained from tests of an 0.08-scale model at the 
Ames 1- by 3-foot supersonic tunnel (ref. 7) at a Mach number of I.98 

and Reynolds numbers of 8.6 x 10^ and 17.4 x 10^ is 10.3 diameters 
from the nose for all angles of attack, a value which is also in good 
agreement with the present results. Based on the results obtained in 
these three test facilities, there appears to be little or no effect 
upon the center-of-pressure position from Reynolds number or Mach num- 
ber within the range of these investigations. 


Comparisons of Lift, Drag, and Pitching 

Moment With Those From Other Facilities 

Lift and pitching moment .- A comparison of the lift' and pitching- 
moment coefficients of the present investigation with the results 
obtained in reference 2 is sho-wn in figure 5* The results from ref- 
erence 2 (Lewis 8- by 6-foot supersonic tmnel) were obtained at a 

Reynolds number of approximately 29.2 x 10^ and at Mach numbers of 1.49, 
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1.59, 1 . 78 , and 1 . 98 . Inasmuch as the Reynolds number difference 
between the two investigations is large, the comparisons may be first- 
order only, because the flow over one model is essentially laminar 
while that over the other is for the most part turbulent. Nevertheless, 
the lift and pitching-moment data of the two facilities are in fair 
agreement . 

It should be pointed out that whereas the results of the present 
investigation were obtained with the fins of the missile rolled 45° to 
the plane of angle of attack (fig. l), the fins of the missile in ref- 
erence 2 were parallel and normal to the plane of angle of attack. 
Spreiter has shown in reference 13 that linear theory predicts that the 
lift and pitching moment will be independent of the angle of roll at 
small angles of attack. This is verified by results presented in ref- 
erences 14 and 15 for different wing plan forms and roll angles. It is 
further shown in these two references that the drag is also independent 
of roll angle of the fins. 

Drag.- A comparison of the fore drag coefficients of the various 
missile components at angles of attack with results from other facili- 
ties is shown in figure 6 . The difference in the fore-drag results of 
the fin-body combination, at the smaller angles of attack, obtained in 
this investigation from that obtained in the Lewis 8 - by 6 -foot super- 
sonic tunnel (ref. 2 ) is due primarily to the large difference in 
Reynolds number. The model tested in the present investigation has 
essentially laminar flow over the body upstream of the fins, whereas 
the model tested in the 8 - by 6 -foot supersonic tunnel has mostly t\ir- 
bulent flow, whlch'results in considerably different skin-friction 
drags. Examples of the effects of Reynolds number on skin-friction 
drag for the RM-10 body may be seen in figure 18 of reference 11 or 
figrore 8 of reference 9 . 

To obtain the drag of the four fins at angles of attack, it was 
necessary to resort to an indirect method since no angle-of -attack 
results were obtained with the body alone. The results of tests of 
a 0 . 29 -scale model of the body alone in reference 8 (Langley 4- by 
4 -foot supersonic tunnel) were obtained at test conditions similar to 
those of the present Investigation. As seen from figiire 6 , the value 
at 0 ° angle of attack is in fair agreement with that obtained in ref- 
erence 11. The difference between the two values is perhaps due to 
the small variations in Mach number and Reynolds niimber of the two 
facilities. By assuming this difference to be constant over the range 
of angles investigated, values of fore drag were obtained for the bo(^ 
alone by adding this difference to the results from reference 8 . It is 
realized that these values may not be strictly correct, but in view of 
the foregoing discussion they appear justifiable for the purpose of 
obtaining trends and orders of magnitude. The body-alone values thus 
obtained were then subtracted from the results for the fin-body 
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ccjmbination, at their respective angles of attack, to obtain the drag 
of the four fins. These values are shovn in the right-hand portion of 
figure 6 and are compared with the results from reference 2. It should 
be pointed out that the drag coefficient of the four fins not only 
includes the pressure and skin-friction drags of the fins but also the 
interference between the fins plus the interference between the fins 
and body. In comparing the results obtained in the two facilities, it 
is seen that the drag of the fins obtained from the present investiga- 
tion is slightly lower at angles of attack of 0° and 1° than the corre- 
sponding drags from reference 2, whereas the situation is reversed at 
angles above 1°. These differences may again be attributed mainly to 
the large difference in Reynolds number. 


Effect of Variable Ratios of Sting-Shield Diameter to 


Base Diameter on the Drag Coefficients 


The variation of the drag coefficients with different ratios of 
sting-shield diameter to base diameter ds/d^b at 0° angle of attack is 

shown in figure 


Total drag .- The values obtained for the total drag of the fin- 
body combination in the present investigation with the two different 


sting- shield diameters 


= 0.49 and 0 . 72 ^ 


are very nearly the same. 


No values of total drag and base drag were obtained for the missile with 


the ratio of — = 0.99, since the pressure at the model base was main- 
^b 

tained at approximately free-stream static pressiire. A comparison of 
these values of total drag for the fin-body combination with the value 
obtained from reference 8 shows very good agreement. The value obtained 
from reference 2 is considerably higher than these results, primarily 
because of the greater extent of turbulent boundary layer at the hi^er 
test Reynolds number. The same comparisons may be applied to the body- 
alone results obtained from references 2, 8, and 11. 

Base drag . - The two base-drag results for the fin-body combination 
obtained in the present investigation are essentially independent of 
ds/db. Comparison of these results with those obtained in references 2 
and 8 shows them to be in very good agreement. This .agreement is due, 
in all probability, to the fin-body juncture, which causes transition 
from a laminar to a turbulent boundary layer over the rear portion of 
the body. As shown in reference 11, when the flow is turbulent the 
base drag is very nearly constant, regardless of Reynolds number. The 
body-alone result obtained from reference 2 agrees very, closely 'with the 
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value, for the fin -body combination. This agreement and that shown in the 
preceding comparison indicate that in this Mach number range the effects 
of the fins upon the base pressure are for the most part' eliminated -^en 
the Reynolds number exceeds that for natural transition on "the body alone 
this Reynolds number ■was shown in reference 11 to be near 9 X 10^ a 
Mach number of 1.62. The base-drag values of the body alone obtained 
from references 8 and 11 are in excellent agreement regardless of the 
different ratios of dg/dt). 

Fore drag .- As sho-wn in figure 1 , -varying -the ratios of dg/dt, 
from 0.49 to 0.72 has no effect on the fore drag of the fin-body combi- 
nation in the present investigation. However, \dien dg/di3 is eqioal to 
0.99 the value of fore drag is reduced approximately 10 percent. Recent 
schlieren photographs, ob-tained in the 9- inch supersonic t\umel, of a 
fin-stabilized parabolic body of revolution with varying ratios of 
dg/db (ref. I6) show that -when the sting-shield diameter is considerably 
less than the base diameter, the flow is allowed to continue its expan- 
sion beyond the base of the model before reaching the sting. At this 
point, the flow must turn through an angle to be parallel to the sting, 
consequently producing a trailing shock. When the ratio of ds/d^b is 
increased to 0.99, the shock moves forward to the base of the model. . The 
presence of the trailing shock at the model base causes separation for- 
ward of the base and allows the higher-pressure air behind the shock to 
flow forward into the dead-air region and boxuidary layer, thus reducing 
the over-all fore drag. 

The solid line on figure 7 represents a -theoretical estimate of the 
fore drag of -the fin-body combination at a Mach number of 1.62- and a 

Reynolds number of 2.66 x 10^. This theoretical fore-drag estimate is 
the summation of the pressure drag of the body alone, the skin-friction 
drag of the body; alone, the fin pressure drag, and the fin skin-friction 
drag. No calculations were made of interference arising bet-ween the fins 
and body. The equations used in the calculation of the body fore drag 
were based on the conclusions reached in reference 11, which states that 
the method of Lighthill (ref. 17) and the method of Jones and Margolis 
(ref. 18) gave a fair prediction of the pressure drag, -that the Blasius 
inccanpressible theory gave a satisfactoiy prediction of the laminar skin- 
friction drag, and -that the Frankl-Voishel extended theory (ref. 19) gave 
a reasonable prediction of the turbulent skin-friction drag. The theo- 
retical press\ire drag used in the calculation of the fore drag of the 
fin-body combination has therefore been taken as the average of the 
results obtained by the method of Lighthill and the method of Jones .and 
Margolis. The skin-friction drag of the body alone was obtained by 
assuming that the flow over the body forward of the fin-body juncture 
■was laminar and that behind this juncture the flow -was turbulent. The 
Blasius incompressible theory for laminar skin-friction drag and the 
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Frankl-Voishel extended theory for turbulent skin-friction drag were 
combined to obtain the total skin-friction drag of the body in the fol- 
lowing equation: 


C = 1.328 H + 0.074 / X Ay - Ai 

^ ^ VI t. .2:^ M2j A 


( 1 ) 


The pressure drag of the fins was computed by the 'method of reference 20, 
and the fin skin-friction drag was con 5 >uted by the Blasius incompressi- 
ble theory for laminar flow. This estimate of the fore drag of the fin- 
body combination is in fair agreement with the results obtained in the 
present investigation. 


The value of fore drag for the fin-body combination obtained from 
reference 8 is in excellent agreement with the results of this investi- 
gation. However, the value obtained from reference 2 is considerably 
bi gb p-r than these resvilts because of the higher skin-friction drag 
resulting from the greater regions of turbulent boundary layer. The 
fore-drag results obtained from references 2, 8, and 11 for the body 
alone indicate the same trends as the fore-drag results for the fin- 
body combination. The dashed line on figure 7 represents the extra- 
polated experimental fore drag of the body alone at a Mach number of 

1.62 and a Reynolds number of 30 X 10^, obtained from reference 11. 

This drag value is in fair agreement willi that obtained from reference 2. 

Drag per fin .- In figure 7 all of "the drag -per -fin results 
obtained in the present investigation and those from references 2 and 8 
are in excellent agreement regardless of the different values of ds/db. 
The values of fore drag for the fins in this investigation were obtained 
as the difference between the fore drag of the fin-body combination and 
that of the body alone. Also shown on this figure is a theoretical drag 
estimate for one fin at a Mach number of 1.62 and a Reynolds number of 

2.66 X lo6. The equations used in this computation were the same as 
those used in obtaining the theoretical fore drag of the fin-body com- 
bination. It should again be pointed out that the experimental results 
include any interference arising between the fins and body, while the 
theoretical estimate of fin drag includes only the summation of the 
pressure drag and laminar skin-friction drag. This prediction of drag 
per fin is in excellent agreement with the experimental results. 

CONCLUSIONS 

An investigation has been made in the Langley 9- inch s\ 5 )ersonic. 
t\mnel of a fln-stablllzed 0.050-scale model of the NACA RM- 10 missile 
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at a Mach number of 1.62 and a Reynolds number of 2.66 x 10^. Measure- 
ments were made of the lift, drag, and pitching moment over an angls-of- 
attack range of ±5°, and comparisons were made with similar results 
obtained in other test facilities. The effect of varying the ratio of 
sting-shield diameter to base diameter on the aerodynamic characteris- 
tics was also investigated. The following conclusions are indicated. 

1. Comparison of the results of this investigation with results 
presented in NACA RM E50D28 (0.50-scale model) shows that changing the 

Reynolds number from 2.66 x 10^ to 29.2 x 10^ has no appreciable effect 
on the values of the lift and pitching-moment coefficients. 

2. The center-of -pressure position is essentially constant over the 
angle -of -at tack range of this investigation. A comparison of the present 
resTolts with those reported in NACA RM E50D28 (0. 50-scale model) and 
NACA RM A5IGI3 (0.08- scale model) indicates that little or no change of 
position due to model scale occinrs within the Mach number and Reynolds 
number range of these investigations. 

3. With proper consideration of Reynolds number, there is good 
agreement of the various drag components (total, base, and fore drag of 
the complete configuration and the drag per fin) with the results 
reported in NACA RM E50D28 (0. 50-scale model) and NACA RM L52A14 
(0.29-scale model) at 0° angle of attack. 

4. Increasing the ratio of sting-shield diameter to base diameter 
decreased the lift-curve slope, gave a less negative pitching-moment- 
curve slope, and decreased the fore drag at zero lift. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. 
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Figure 1.- Drawing of 0.050-scale model of MCA RM-10 missile. All linear 

dimensions are in inches. 







Lift coefficient, ,and pitching-moment coefficient, Cm 



Figure 2.- Aerodynamic characteristics of the fin-stahilized NACA RM-10 
missile with the ratio of sting-shield diameter to base diameter of 
0.T2 at a Mach number of 1.62 and a Reynolds number of 2.66 x 10°. 
Flagged symbols denote check values. 


Fore drag coefficient, Cpp 



Lift coefficient. Cl .and pitching^noment coefficient , 



Figure 3 • - Aerody] 
missile with t: 

0.99 at a Mach 
Flagged symbol: 
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Figure 5*- Comparison of lift and pitching-moment coefficients' vith 
results obtained from reference 2. * 




Figure 6,- Comparison of the fore drag coefficients of the body alone, 
body-fin combination, and fins alone at angles of attack with results 
obtained from references 2, 8, and 11. Flagged symbols denote check 
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